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Using an isospin- and momentum-dependent transport model, we examine the effects of an electric
field induced by a variable magnetic field on the π−/π+ ratio in central to peripheral heavy-ion
collisions at beam energies of 400 and 1500MeV/nucleon. It is shown that while the induced electric
field does not affect the total multiplicities of both π− and π+ mesons at both the lower beam
energy of 400MeV/nucleon and the higher beam energy of 1500MeV/nucleon, it reduces (enhances)
the emission of π− (π+) mesons in midrapidity, but enhances (reduces) the emission of π− (π+)
mesons in forward and backward rapidities especially for the more peripheral collisions at the lower
beam energy because of the rapidly transient variable magnetic field at more peripheral collisions
and longer reaction duration time at the lower beam energy. These findings indicate that the total
π−/π+ ratio is still a precisely reliable probe of symmetry energy at both the lower and higher beam
energies, but one should consider the induced electric field when using the differential π−/π+ ratio
to probe the symmetry energy especially for the lower beam energy and more peripheral collisions.
Finally, the relative suppression factor based on the ratio of π−/π+ in different rapidities is proposed
to be an effective probe of the induced electric field generated in heavy-ion collisions due to its
maximizing effects of induced electric fields on the differential π−/π+ ratio but minimizing effects
of some uncertainty factors in heavy-ion collisions.
PACS numbers: 41.20.-q, 25.70.-z, 21.65.-f
I. INTRODUCTION
Heavy-ion collision induced by a radioactive beam is
one of the effective methods to determine the density de-
pendence of nuclear symmetry energy in experiment and
theory. However, the determination of nuclear symme-
try energy requires one to compare continuously theoret-
ical simulations with experimental measurements. Up to
now, while efforts such as the FOPI [1] and FOPI-LAND
[2, 3] experiments have provided some data involving the
probe of symmetry energy such as the π−/π+ ratio and
the elliptic flow of nucleon, the corresponding theoretical
simulations do not give consistent conclusions on the de-
termination of symmetry energy especially for the deter-
mination of high-density symmetry energy. Without con-
sidering the possibly introduced errors due to experimen-
tal environment, the main reasons are the possible uncer-
tainty factors in theoretical predictions and/or model de-
pendence in different theoretical communities. For exam-
ple, by comparing the π−/π+ ratio with the FOPI exper-
imental data, the Boltzmann-Uehling-Uhlenbeck (BUU)
[4] and Boltzmann-Langevin (BL) [5] communities favor
a supersoft symmetry energy, but the quantum molecu-
lar dynamics (QMD) [6] community suggests a superstiff
symmetry energy. Therefore, one needs to check these
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possible uncertainty factors of theoretical predictions to
better determine the density dependence of symmetry
energy. Presently, many communities have attempted
to solve this problem including studying the impact of
in-medium pion potential [7, 8], the isovector potential
of ∆(1232) resonance [9, 10], medium modification of
pion production threshold [11], potential modification of
local and/or global energy conservation of binary colli-
sions [12], and tensor-force-induced short-range correla-
tions [13, 14].
On the other hand, electromagnetic interactions play
an important role in the time evolution of charged par-
ticles in heavy-ion collisions. For example, the Coulomb
field of spectators in peripheral collisions can lead to
the well-known Coulomb peaks in the rapidity distribu-
tion of π−/π+ ratio [15], and the elliptic flow splitting
of charged pion mesons measured by STAR Collabora-
tion [16–19] is closely related to chiral magnetic effects
in relativistic energy collisions. Moreover, it has been re-
ported that a strong magnetic can be generated in the
direction perpendicular to the reaction plane (i.e., y di-
rection), regardless of intermediate energy or relativis-
tic energy collisions [20, 21]. Nevertheless, as has been
guessed in Ref. [22], the violent variable magnetic field
in y direction may generate a strong electric field, i.e., an
induced electric field, in relativistic heavy-ion collisions.
Certainly, the changing of magnetic field in intermediate
energy collisions is less violent than that in relativistic
energy collisions; thus the effects of the induced elec-
tric field on heavier charged particle are expected not to
2be obvious. However, due to the longer duration time
of the induced electric field acting on charged particles
compared to the case of relativistic energy collisions, it
is therefore expected that the induced electric field will
affect the lighter pion mesons and their π−/π+ ratio to
some extent. In addition, while almost all the transport
models have consistently concluded that the π−/π+ ratio
is one of the most promising probes of symmetry energy
especially for the high-density behavior of symmetry en-
ergy [23, 24], the comparison of theoretical predictions
with exiting data is still inconclusive. Therefore, to ex-
tract reliably precise information from the π−/π+ ratio
about the high-density symmetry energy, one needs to
answer precisely whether and how the induced electric
field affects the charged pion mesons and their π−/π+ ra-
tio. To this end, we perform the Au+Au collisions to
show the effects of the induced electric field on charged
pion mesons and their π−/π+ ratio in intermediate en-
ergy heavy-ion collisions. It is shown later that while the
induced electric field does not affect the total π−/π+ ra-
tio, it suppresses (enhances) differential π−/π+ ratio in
midrapidity (forward and backward rapidities) especially
for very peripheral heavy-ion collisions. Therefore, it can
be concluded that the total π−/π+ ratio as the probe of
symmetry energy is more delicate than the differential
π−/π+ ratio due to the considered induced electric field
factor.
II. INDUCED ELECTRIC FIELD IN IBUU
MODEL
The present study is based on an isospin-dependent
Boltzmann-Uehling-Uhlenbeck (IBUU) transport model
[25]. In this model, an isospin-dependent mean-field is
used to model the nuclear interaction; its expression is
defined as follows:
U(ρ, δ, ~p, τ) = Au(x)
ρ−τ
ρ0
+ Al(x)
ρτ
ρ0
+ B(
ρ
ρ0
)σ(1− xδ2)− 8τx
B
σ + 1
ρσ−1
ρσ0
δρ−τ
+
2Cτ,τ
ρ0
∫
d3p′
fτ (~p
′)
1 + (~p− ~p′)2/Λ2
+
2Cτ,−τ
ρ0
∫
d3p′
f−τ (~p
′)
1 + (~p− ~p′)2/Λ2
. (1)
In the above, ρ = ρn + ρp is the nucleon number den-
sity and δ = (ρn − ρp)/ρ is the isospin asymmetry of
the nuclear medium; ρn(p) denotes the neutron (proton)
density, the isospin τ is 1/2 for neutrons and −1/2 for
protons, and f(~p) is the local phase space distribution
function. The expressions and values of the parameters
Au(x), Al(x), σ, B, Cτ,τ , Cτ,−τ , and Λ can be found in
Refs. [26, 27], and they lead to the binding energy of −16
MeV, incompressibility 212 MeV for symmetric nuclear
matter, and the symmetry energy Esym(ρ0) = 30.5 MeV
at saturation density ρ0 = 0.16 fm
−3. The parameter x
is used to mimic the different forms of symmetry energy
predicted by various many-body theories without chang-
ing any property of symmetric nuclear matter and the
value of symmetry energy at saturation density.
In the IBUU model, the Lie´nard-Wiechert electromag-
netic potentials at the position ~r and time t are included
consistently to satisfy Maxwell’s equations [20, 21],
e ~E(~r, t) =
e2
4πε0
∑
n
Zn
c2 − v2n
(cRn − ~Rn · ~vn)3
(c ~Rn −Rn~vn),
(2)
e ~B(~r, t) =
e2
4πε0
∑
n
Zn
c2 − v2n
(cRn − ~Rn · ~vn)3
~vn × ~Rn, (3)
where Zn is the charge number of the nth particle at the
location of ~rn, and ~Rn = ~r−~rn is the relative position of
the field point ~r to the source point ~rn. The summation
runs over all charged particle with velocity of ~vn at the
retarded time of tn = t−|~r−~rn|. As has been reported in
Ref. [20, 21], the dominant component of the magnetic
fields is in the direction perpendicular to reaction plane,
i.e., y direction, and the component of the magnetic field
in reaction plane due to event-by-event fluctuation of the
positions of charged particles is negligible due to the ran-
dom motions of nucleons in x or y direction. Shown in
Fig. 1 is the beam-energy dependence of the central mag-
netic field in Au+Au collisions at the impact parameter
of 10 fm [panel (a)], and the impact-parameter depen-
dence of the central magnetic field in Au+Au collisions
with a beam energy of 500MeV/nucleon [panel (b)]. It
can be seen that the magnetic field increases with in-
creasing impact parameter and becomes more and more
steep with increasing beam energy. This rapidly chang-
ing magnetic field naturally generates a transient electric
field circling the y axis in the x-z plane as shown in Fig.
2. According to Faraday’s law, the magnitude of the in-
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FIG. 1: (Color online) The beam energy dependence of the
central magnetic field eBy(0) in Au+Au collisions at the im-
pact parameter of 10fm (a), and the impact parameter depen-
dence of the central magnetic field eBy(0) in Au+Au collisions
with a beam energy of 500MeV/nucleon (b). Data are taken
from Ref. [20].
3FIG. 2: (Color online) A sketch of the induced electric field
~EF due to variable magnetic field ~B in the direction perpen-
dicular to the reaction plane. Modified from Fig. 1 of Ref.
[22].
duced electric field can be evaluated by
|e ~EF | =
1
2πr
∆φ
∆t
, (4)
where r is the distance from the y axis, and ∆φ denotes
the change of magnetic flux through area πr2 in the time
interval ∆t. Considering that the changing of the mag-
netic field in intermediate energy collisions is less vio-
lent than that in relativistic-energy collisions, thus the
effects of the induced electric field on heavier charged par-
ticles are unlikely to be obvious. Nevertheless, due to the
longer duration time of the induced electric field acting
on charged particles compared to the case of relativistic-
energy collisions, it is thus expected that the induced
electric field may affect the lighter pion mesons and their
π−/π+ ratio to some extent. For this purpose, we sim-
ply fix the parameter x at the value of 1 (i.e., the value
of 16.4MeV for the density slope of symmetry energy at
normal density) to see whether the pion mesons and their
π−/π+ ratio do change or not under the consideration of
the induced electric field.
III. RESULTS AND DISCUSSION
Now let’s check the impact-parameter-dependent
π−/π+ ratio in Au+Au collisions with and without the
consideration of the induced electric field. Within the
IBUU transport model for heavy-ion collision at the in-
termediate energy, almost all the pions are produced from
the decay of ∆(1232) resonances. Therefore, the dynamic
pion ratio, i.e., (π−/π+ )like, can be defined as
(π−/π+)like ≡
π− +∆− + 13∆
0
π+ +∆++ + 13∆
+
. (5)
Because all the ∆ resonances will eventually decay at the
final reaction stage, the (π−/π+ )like ratio will naturally
become the π−/π+ ratio. Shown in Fig. 3 is the time
evolution of dynamic (π−/π+ )like ratio from central to
peripheral Au+Au collisions at two beam energies of 400
MeV/nucleon (left panels) and 1500MeV/nucleon (right
panels). It can be seen that the induced electric field
does not affect the total π−/π+ ratio at either the lower
beam energy of 400MeV/nucleon or the higher beam en-
ergy of 1500MeV/nucleon. In fact, because the magnetic
field itself does not change the total multiplicities of both
positive and negative pion mesons as shown in Ref. [20],
it therefore can be understood that its derived product,
i.e., the induced electric field, is unlikely to alter the total
π−/π+ ratio in intermediate-energy heavy-ion collisions
. However, just as pointed out in Ref. [20], the magnetic
field has a strong focusing (diverging) effects on positive
(negative) pion mesons at forward (backward) rapidity;
therefore, the natural question is whether the induced
electric field does affect the distribution of charged pion
mesons and thus the distribution of the π−/π+ ratio. To
this end, we define the percentage of π− and π+ multi-
plicities in different rapidities with and without the con-
sideration of the induced electric field as follows:
R
|y/ybeam|
i ≡
N
|y/ybeam|
i
Ni
×%, (6)
where index i denotes π− or π+, y/ybeam is the reduced
rapidity of particle i, N
|y/ybeam|
i denotes the multiplicities
of particle i in rapidity interval of [−y/ybeam,y/ybeam],
and Ni denotes the multiplicities of particle i in all ra-
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FIG. 3: (Color online) The time evolution of impact-
parameter-dependent dynamic (π−/π+ )like ratio in Au+Au
collisions with (labeled as With) and without (labeled as
W/O) the consideration of the induced electric field at two
beam energies of 400 MeV/nucleon (left panel) and 1500
MeV/nucleon (right panel).
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FIG. 4: (Color online) The impact-parameter-dependent per-
centage of π− (a) and π+ (b) multiplicities of midrapidity in
Au+Au collisions with (labeled as With) and without (labeled
as W/O) the consideration of the induced electric field at a
beam energy of 400 MeV/nucleon.
pidity range. Shown in Figs. 4 and 5 are the impact-
parameter-dependent percentage of π− and π+ multi-
plicities in midrapidity (|y/ybeam| ≤ 0.5) at beam en-
ergies of 400 and 1500 MeV/nucleon. It can be seen that
the induced electric field obviously reduces the midra-
pidity emission of π− mesons but enhances the midra-
pidity emission of π+ mesons due to its opposite ef-
fects on π− and π+ mesons, especially for the more pe-
ripheral and lower-energy collisions. Within the beam-
energy and impact-parameter dependence of the mag-
netic field as shown in Fig. 1, one naturally expects that
the effects of the induced electric field on charged pion
mesons are increasing with increasing both the impact
parameter and the beam energy. However, compared to
the 400 MeV/nucleon case, the effects of the induced
electric field on charged pion mesons in midrapidity at
1500MeV/nucleon are almost negligible. This is because
while the increased magnetic field with the beam energy
may generate a more strong induced electric field, the
obviously decreased duration time of the reaction stage
with the beam energy causes the acting time of the in-
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FIG. 5: (Color online) Same as Fig. 4 but for a beam energy
of 1500MeV/nucleon.
duced electric field on charged pion mesons to become
shorter and thus leads to a negligible effect at the beam
energy of 1500MeV/nucleon. Shown in Figs. 6 and 7
are the corresponding impact-parameter-dependent per-
centage of π− and π+ multiplicities in forward and back-
ward rapidities (|y/ybeam| ≥ 0.5) at beam energies of
400 and 1500 MeV/nucleon. Similar to the above ob-
servations from Figs. 4 and 5, the effects of the induced
electric field on charged pion mesons in forward and back-
ward rapidities at 1500 MeV/nucleon are almost negligi-
ble, while for charged pion mesons in forward and back-
ward rapidities at 400 MeV/nucleon, the induced electric
fields obviously enhance the emission of π− meson but
reduce the emission of π+ meson. Naturally, the total
multiplicities of both π− and π+ mesons in all rapidity
range and thus their total π−/π+ ratio are not affected
by the induced electric field as shown in Fig. 3. This
feature indicates that the total π−/π+ ratio is still a pre-
cisely reliable probe of the symmetry energy at both the
lower and higher beam energies. However, for the dif-
ferential π−/π+ ratio, due to the fact that the effects of
the induced electric fields on it are obvious at the lower
beam energy of 400 MeV/nucleon but negligible at the
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FIG. 6: (Color online) The impact-parameter-dependent per-
centage of π− (a) and π+ (b) multiplicities of forward and
backward rapidities in Au+Au collisions with (labeled as
With) and without (labeled as W/O) the consideration of the
induced electric field at a beam energy of 400MeV/nucleon.
higher beam energy of 1500 MeV/nucleon, one naturally
needs to look at the effects of the induced electric fields
on their rapidity distribution at the beam energy of 400
MeV/nucleon in the following.
Shown in Fig. 8 is the rapidity distribution of the
π−/π+ ratio in central to peripheral Au+Au collisions
with and without the consideration of the induced elec-
tric field at the beam energy of 400 MeV/nucleon. It
can be found that the induced electric fields indeed sup-
press the π−/π+ ratio in midrapidity but enhance the
π−/π+ ratio in forward and backward rapidities espe-
cially for more peripheral collisions. This feature indi-
cates that the differential π−/π+ ratio is less delicate
than the total π−/π+ ratio in probing the symmetry en-
ergy. Finally, to show more explicitly the effects of the
induced electric fields on the differential π−/π+ ratio, we
define a relative suppression factor as follows:
F ≡
(π−/π+)|y/ybeam|≤0.5
(π−/π+)|y/ybeam|≥0.5
. (7)
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FIG. 7: (Color online) Same as Fig. 6 but for a beam energy
of 1500MeV/nucleon.
Obviously, F will more clearly indicate the effects of the
induced electric fields on the differential π−/π+ ratio be-
cause this ratio method will maximize the effects of the
induced electric fields on the π−/π+ ratio due to its sup-
pression effects on the π−/π+ ratio in midrapidity but
enhancing effects on the π−/π+ ratio in forward and
backward rapidity. On the other hand, considering that
this ratio method can minimize the effects from both the
in-medium nucleon-nucleon cross section and the poorly
known symmetry energy due to the pion mesons in dif-
ferent rapidities approximately experiencing the same in-
fluences from them, F thus can be an effective probe of
the induced electric fields generated in heavy-ion colli-
sions. Show in Fig. 9 is the relative suppression factor in
central to peripheral Au+Au collisions at a beam energy
of 400MeV/nucleon. It can be seen that the relative sup-
pression factor F increases with the impact parameter
increasing due to the steeper magnetic field generating
a stronger induced electric field in peripheral collisions.
This feature indicates that the relative suppression fac-
tor F can indeed be an effective probe of induced electric
fields generated in heavy-ion collisions.
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FIG. 8: (Color online) The rapidity distribution of the
π−/π+ ratio in central to peripheral Au+Au collisions with
(labeled as With) and without (labeled as W/O) the consid-
eration of the induced electric field at a beam energy of 400
MeV/nucleon.
IV. SUMMARY
In summary, we have carried out an investigation
about the effects of the electric field due to a variable
magnetic field on the π−/π+ ratio in central to pe-
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FIG. 9: (Color online) The impact-parameter-dependent rela-
tive suppression factor F in Au+Au collision with (labeled as
With) and without (labeled as W/O) the consideration of the
induced electric field at a beam energy of 400 MeV/nucleon.
ripheral heavy-ion collisions. Within an isospin- and
momentum-dependent transport model, the Au+Au
collisions are performed at two beam energies of 400 and
1500 MeV/nucleon. It is shown that, while the induced
electric field does not affect the total π−/π+ ratio at
both the lower and higher beam energies, it suppresses
the differential π−/π+ ratio in midrapidity but enhances
the differential π−/π+ ratio in forward and backward
rapidities due to the reduced (enhanced) emission of π−
(π+) meson in midrapidity but the enhanced (reduced)
emission of π− (π+) meson in forward and backward ra-
pidities. These findings imply that the total π−/π+ ratio
is still a precisely reliable probe of symmetry energy, but
the induced electric field should be considered in future
studies of using the differential π−/π+ ratio as the probe
of symmetry energy. Moreover, because the relative
suppression factor can not only minimize the effects of
some uncertainty factors in heavy-ion collisions but also
can maximize the effects of the induced electric field,
therefore we may conclude that the relative suppression
factor can be an effective probe of the induced electric
field generated in heavy-ion collisions in future studies.
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